I. INTRODUCTION
Lepton-number-violating (LNV) processes could be directly linked to the possible Majorana nature of neutrinos. If Majorana mass terms are added to the standard model (SM) Lagrangian, processes appear that violate L by two units (∆L = 2) [1] . Searches for ∆L = 2 processes such as neutrinoless double beta decay (0ν2β) have, therefore, been the goal of many experiments (see recent reviews [2] [3] [4] [5] ). The Majorana nature of the neutrino would also have interesting implications in many extensions of the Standard Model of particle physics. For instance the seesaw mechanism requires the existence of a Majorana neutrino to explain the lightness of neutrino masses [6] [7] [8] [9] . A Majorana neutrino would also provide a natural framework for lepton number violation, and particularly for the leptogenesis process which may explain the observed matter-antimatter asymmetry of the Universe [10] . However, it is most often overlooked that LNV and Majorana neutrinos are not necessarily connected. Models with ∆L = 3 and ∆L = 4 have some power in explaining naturally small Dirac masses of neutrinos and could mediate leptogenesis (see discussions in [11, 12] and references therein). Processes with ∆L = 4 could also be probed at the Large Hadron Collider (LHC), for example, in the pair production and decay of triplet-Higgs states to four identical charged leptons [13] . In [11] the toy model with ∆L = 4 was constructed which allows neutrinoless quadruple beta decay (0ν4β):
(A, Z) → (A, Z + 4) + 4e
This feature is discussed in more detail in [14] . Notice that the neutrino in the framework of this model is Dirac and the neutrinoless double beta decay is forbidden. Note also that quadruple decay with the emission of * barabash@itep.ru 4 neutrinos (4ν4β) is not forbidden by any conservation low:
This is simply a fourth order process for weak interaction. The authors of [11] [15] ) and even transition to excited levels of the daughter nucleus 150 Gd is possible. In this paper, we will also consider the triple beta decay of 150 Nd (neutrinoless decay (0ν3β) and decay with 3 neutrino emission (3ν3β)):
The 3β transition energy is 1074 keV. In [11] , it was noted that neutrinoless triple beta decay is forbidden, since this process violates Lorentz invariance. This is true, but in this case the search for this process can serve as a test of Lorentz invariance. At the same time, the decay with the emission of three neutrinos is not forbidden by any conservation laws (this is a third-order process for the weak interaction). [17] . Although the authors discuss only the limit for the 0ν4β decay, it is clear that, in fact, this is also the limit for the 4ν4β decay.
In this article, results of an experimental investigation of the 3β(0ν +3ν) and 4β(0ν +4ν) decays of 150 Nd to the ground and excited states of 150 Eu and excited states of 150 Gd are presented. Mass-chain decay scheme is shown in Fig. 1. and Fig. 2 and Fig. 3 . The simplified decay scheme of 150 Eu and 150m Eu are presented in Fig. 4 . and Fig.  5 , respectively. The measurements have been carried out using a HPGe detector to look for γ -ray lines corresponding to the decay scheme. We used experimental data obtained in [19, 20] , that previously used to investigate 2β(0ν + 2ν) decay of 150 Nd to the excited states of 150 Sm.
II. EXPERIMENT
The experimental work was performed in the Modane Underground Laboratory (depth of 4800 m w.e.). A 400 cm 3 low-background HPGe detector was used to measure a 3046 g sample of Nd 2 O 3 powder in a special Marinelli delrin box which was placed on the detector endcap. Taking into account the natural abundance of 150 Nd (5.64%) there are 153 g of 150 Nd (or 6.14 × 10 23 nuclei of 150 Nd) in the sample. Data was collected for 11320.5 hours.
The Ge spectrometer is composed of a p-type, 400 cm 3 crystal. The cryostat, endcap and the other mechanical parts have been made of a very pure Al-Si alloy. The passive shielding consisted of 3-10 cm of OFHC copper inside 15 cm of ordinary lead. To remove 222 Rn gas, one of the main sources of the background, a special effort was made to minimize the free space near the detector. In addition, the passive shielding was enclosed in an aluminum box flushed with high-purity nitrogen.
The electronics consisted of spectrometric amplifiers and a 8192 channel ADC. The energy calibration was adjusted to cover the energy range from 50 keV to 3.5 MeV, and the energy resolution was 2.0 keV for the 1332-keV line of 60 Co. The electronics were stable during the experiment due to the constant conditions in the laboratory (temperature of ≈ 23
• C, hygrometric degree of ≈ 50%). A daily check on the apparatus assured that the counting rate was statistically constant.
The current data of accepted values for different isotopes published in Nuclear Data Sheets [18] were used for analysis of the energy spectrum. The photon detection efficiency for each investigated process has been calculated with the CERN Monte Carlo code GEANT 3.21. Special calibration measurements with radioactive sources and powders containing well-known 226 Ra activities confirmed that the accuracy of these efficiencies is about 10%.
The To search for this transition one has to look for a γ-ray with an energy of 638.05 keV. The detection efficiency is 2.23%. As one can see from figure 8, there is no statistically significant peak at this energy. So one can only give the lower half-life limit on the transition to the 2 + 1 excited state of 150 Gd, T 1/2 > 7.5×10 20 yr. The limit has been calculated using the likelihood function described in [21, 22] which takes into account all the peaks identified above as background. This result is presented in Table  1. 2. Decay to the 0
The transition is accompanied by two γ-rays with energies of 569.09 keV and 638.05 keV. The detection photopeak efficiencies are equal to 2.11% at 569.09 keV and 2.06% at 638.05 keV. Fig. 8 shows the energy spectrum in the ranges of interest. There are no statistically significant peaks at these energies. Using the same technique as above the lower half-life limits 8.7 × 10 20 yr are found for the transition (Table 1) . Table 1 also presents other valuable data on this transition. life limits are found within (6.1 − 9.5) · 10 20 y for the transitions (see Table 1 ). [18] ). The diagram shows the levels corresponding to transitions with the most intense γ-lines. Energy levels are in keV. Relative branching ratios from each level are presented. 
× 10
20 yr is shown in Table 2 .
2. Decay to the 0 of cases, a transition to the excited states of 150 Sm occurs, and in 100% of cases this leads to the emission of a gamma quantum with an energy of 333.9 keV. To search for this transition one has to look for a γ-ray with an energy of 333.9 keV. The final detection efficiency is 0.10%. The analysis given in [20] shows that the excess of events at 333.9 keV is mainly due to the double beta decay of 150 Nd to the 0 + 1 excited state of 150 Sm. So one can only give the lower half-life limit on the metastable state of the 150 Eu (0 − ). The limit has been calculated using the likelihood function described in Refs. [21, 22] which takes into account the peak identified above as background. The resulting limit 4 × 10 18 yr and is shown in Table 2 . To search for these transitions one has to look for γ-rays with energies of 75.9, 111.6, 190.4, 125.6, 247.9, 273.6, 169.4 and 222.2 keV. As one can see from Fig.  6 and Fig. 7 , there are no statistically significant peaks at these energies. Using the same technique as above [21, 22] the lower half-life limits are found within (0.04 − 4.83) · 10 20 y for the transitions (see Table 2 ).
IV. DISCUSSION AND CONCLUSION
The results are shown in Tables 1 and 2. Note that the limit on 4β(0ν + 4ν) decay of 150 Nd to the 0 + 1 state of 150 Gd obtained in this work is five times stronger than the limit obtained in [17] . For other (0ν+4ν) transitions
0ν +3ν) decay are obtained for the first time. Unfortunately, there are no theoretical calculations for these processes. Therefore, we cannot compare our results with theoretical predictions. It is clear only that such transitions should be strongly suppressed compared to the 2β decay processes. However, as indicated in [11, 14] , under certain conditions it is possible to have significant enhancement for the 4β(0ν) decay process. Therefore, both theoretical studies and experimental verification of the possibility of observing such processes are necessary. In addition to direct counter experiments, other types of experiments can be used. In work [11] , a radiochemical experiment is proposed to search for 4β decay of 150 Nd, given the fact that the daughter nucleus ( 150 Gd) is radioactive (alpha decay, T 1/2 = 2 × 10 6 years). In such type of experiment, 2β decay of 238 U [23] was recorded, for example. In principle, one can offer here a geochemical experiment too, by analogy with geochemical experiments with 130 Ba [24] , 100 Mo [25] or 96 Zr [26] . In the case of 3β decay, radioactive nuclei 150 Eu (5 − ) and 150m Eu (0 − ) are formed, with a lifetime of 36 yr and 12.6 h, respectively. This circumstance can be used in the conducting of radiochemical experiments too. The sensitivity of such experiments can be up to ∼ 10 25 − 10 27 yr (the estimation is made using the parameters of radiochemical experiments on the registration of solar neutrinos, where the mass of the analyte can be 50 tons [27] ). Of course, radiochemical and geochemical experiments are sensitive to complete decay and cannot distinguish neutrinoless decay from decay with emission of neutrinos. It is unknown a priori what type of decay is more likely. Theoretical studies are needed on this issue. But, in any case, the observation of such transitions will be extremely important and interesting.
